Valid housekeeping genes (HKG) are a prerequisite for accurate gene quantification. We performed real-time reverse transcription-polymerase chain reaction to investigate the gene expression of five commonly used HKGs (b-actin, glyceraldehyde-3-phosphate dehydrogenase [GAPDH], ubiquitin C [UBC], hypoxanthine phosphoribosyl-transferase [HPRT], and cyclophilin A [CYPa]) and antioxidant enzymes in the liver of young and old male Fischer rats. A wide variation in HKG expression existed during the aging process, and HPRT was identified as the most stable HKG in rat liver aging. When Cu/Zn-superoxide dismutase gene expression was normalized to HPRT, there was no detectable difference between young and old rats; however, a significant difference was seen when it was normalized to UBC. The variation of UBC caused the misinterpretation of Cu/Zn-superoxide dismutase expression. Catalase expression was significantly decreased, whereas glutathione peroxidase expression was not altered with age. We demonstrated that HPRT was an appropriate HKG, validation of HKGs was vital for accurate quantification, and decreased catalase expression might be involved in the decline of antioxidant defenses during rat liver aging.
T HE use of gene expression profiling techniques is becoming an integral part of research aiming to fully understand the complex mechanisms of aging. The development of microarray technology has provided researchers with a powerful tool to do this (1, 2) . However, this technology has also posed a number of problems in interpretation due to difficulties in validation of the data (3, 4) . In small-scale studies, the detection of RNA can be accomplished by common techniques including northern blot analysis, RNase protection assays, competitive reverse transcription-polymerase chain reaction (RT-PCR), and real-time RT-PCR. Among them, real-time RT-PCR has become increasingly popular compared to other methods because it has higher sensitivity, greater speed, and broader dynamic quantification range (5, 6) .
However, for all these methods, normalization is required to correct for variation in RNA integrity, RT efficiency, and initial sample amount among different samples. For normalization, housekeeping genes (HKGs) are widely used; the stability of the HKGs is a prerequisite for accurate normalization. Unfortunately, the expression of these assumed stable HKGs, such as b-actin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), has been reported to vary greatly in different tissues and under different experimental conditions, making the selection of a ''universal'' HKG for all experiments problematic (7, 8) . Furthermore, poor selection of HKGs can invalidate the normalization process and lead to the generation of misleading information (9, 10) . For example, in a study of human clear cell renal cell carcinoma (CCRCC), when the target gene, tumor suppressor gene P53 (TP53), was normalized to the selected HKG, lamin B1 (LMNB1), a significant difference was detected between normal and CCRCC groups. In fact, it was not TP53, but LMNB1 gene expression that changed during that study (10) . Thus, this has led to the proposal that appropriate HKGs should be validated in each specific experiment to provide reliable normalization of data (11) (12) (13) .
Some software packages, such as GeNorm (11) and Normfinder (14) , have made the process of HKG validation easier. In addition, the data from real-time RT-PCR can be effectively analyzed by using statistics, thus the objectivity of the result is improved. The GeNorm software is regarded as the authoritative method for analysis (15) and is consequently the most popular method used. It chooses appropriate HKGs by pair-wise comparison between one HKG and all other HKGs independent of the level of gene expression, and does not require a normal distribution of data. However, co-regulation of HKGs will influence the efficiency of this method because of the pair-wise comparison. Trying to predict the co-regulation of HKGs is difficult because in addition to their basic roles, some HKGs also have other diverse functions (16, 17) . The alternative software Normfinder ranks HKGs according to the least estimated intra-and intergroup variation, which is more effective to control the influence of co-regulation of HKGs. Thus, both methods were used in this study.
In aging research, real-time RT-PCR has been increasingly used to detect changes in gene expression (18) (19) (20) . However, as yet there has not been a study to identify valid HKGs to use in aging research. In the present study, we used real-time RT-PCR to study the expression of five commonly used HKGs: b-actin, GAPDH, ubiquitin C (UBC), hypoxanthine phosphoribosyl-transferase (HPRT), and cyclophilin A (CYPa) from the liver of young and old Fischer rats and chose a valid HKG using the HKG identification softwares GeNorm and Normfinder. Under certain experimental conditions and disease states, the expression of some HKGs can vary greatly, whereas other HKGs remain relatively stable (7, 8) . The five chosen HKGs were selected as they all have different physiological functions-cytoskeleton (b-actin), carbohydrate metabolism (GAPDH), protein folding (CYPa), metabolic salvaging of nucleotides (HPRT), and protein degradation (UBC)-thus minimizing the risk that the aging process would affect all of the genes. Each of the genes studied here has been recommended as a suitable HKG in at least one biological condition (21) (22) (23) (24) (25) . In addition, to illustrate the significance of choosing appropriate HKGs, normalization of Cu/Znsuperoxide dismutase (Cu/Zn-SOD) gene expression to the different HKGs was performed. Finally, it has been widely accepted that oxidative damage plays an important role in the aging process [recently reviewed in (26) ], and agerelated antioxidant enzyme activities have been intensively studied (27) , but the effect of age on the gene expression of antioxidant enzymes has not been extensively studied and findings are contradictory (28, 29) . Therefore, we also investigated the gene expression levels of catalase and glutathione peroxidase (GPX), two other important antioxidant enzymes, in the aged rat liver by real-time RT-PCR.
METHODS

Animals and Harvesting Liver Tissue
Young (8 months, n ¼ 9) and old (26 months, n ¼ 8) male specific pathogen-free Fischer 344 rats were obtained from the National Institute on Aging (Bethesda, MD), and the livers were removed after the animals were killed. Liver tissues were immersed in RNALater (Ambion, Austin, TX) overnight at 48C before storage at À208C until analysis. All animal procedures were approved by the Institutional Animal Care and Use Committee of the National University of Singapore.
RNA Isolation, DNase Treatment of RNA, and RT Total RNA was isolated from liver tissue using the RNeasy Mini Kit (Qiagen, Hilden, Germany), according to the manufacturer's instructions. To avoid contamination with genomic DNA, total RNA was DNase-treated both oncolumn (RNase-free DNase set; Qiagen) and off-column (RNase free DNase I Kit; Invitrogen, Singapore) according to the manufacturer's instructions. Absence of genomic DNA was confirmed by conventional PCR using primers designed to recognize the first intron of b-tubulin (forward primer 59-acactttctgtccgctcacac-39 and reverse primer 59-gtgcgcattacctcaacaaag-39). The concentration of total RNA was quantified using a spectrophotometer at 260 nm, with the optical density (OD) 260 /OD 280 ratio routinely between 2.00 and 2.12. RNA integrity was confirmed by formaldehyde gel electrophoresis (as described in the manual of Qiagen RNeasy Mini Kit). First-strand complementary DNA was synthesized using the SuperScript III First-Strand Synthesis System (Invitrogen), according to the manufacturer's instructions with Oligo(dT) 20 and 600 ng of RNA. One sample without RT was included as the negative control.
Optimization of PCR and Real-Time PCR
Optimization was carried out using the QuantiTect SYBR Green PCR Kit (Qiagen), using the gradient procedure of a DNA Engine Opticon 2 (MJ Research, Waltham, MA). The specificity of PCR products was confirmed by both melting curve analysis and agarose gel electrophoresis.
Real-time PCR was performed under optimal conditions using the following PCR amplification mixture (20 ll total): 23 QuantiTect SYBR Green PCR master mix, 0.3 lM forward and reverse primers (Table 1) , and 0.8 ll of 1:10 diluted complementary DNA. The cycling conditions were as follows: 15-minute initial activation step at 958C; then 948C for 15 seconds, annealing at optimal temperature for 30 seconds, and 728C for 30 seconds (repeated for 40 cycles); finally the melting curve analysis was performed, and samples were then cooled to 108C. Fluorescent data was acquired at high temperatures to avoid inference of nonspecific fluorescence signals (34) . Each assay included a no-template control and an RT negative control. For each gene tested, all samples were detected in triplicate in the same plate, avoiding interplate variation. A relative standard curve was produced from a 3-fold dilution series across five data points to calculate amplification efficiencies and correlation coefficients (R 2 ). Amplification efficiencies were calculated using the equation: E ¼ 10
[À1/slope] À 1. Data analysis was performed according to the manual of GeNorm 3.4 (http://medgen.ugent.be/%7Ejvdesomp/genorm/) (11) and Normfinder (http://www.mdl.dk/publications_normfinder. htm) (14) , respectively.
HKG Stability Analysis
GeNorm 3.4 and Normfinder were used to evaluate HKG stability. GeNorm ranked gene stability by an average expression stability value (M), which was the average pairwise variation of an HKG compared with all other HKGs. Normfinder ranked gene stability by stability values which were derived from intra-group variation and intergroup variation. More stable gene expression was indicated by lower average expression stability values.
Normalization Factor Determination by GeNorm
The normalization factor (NF) was calculated from multiple HKGs and was thought to be a more accurate method of normalization. In our experiment, an NF from HPRT-GAPDH-b-actin was determined by GeNorm. The theory of choosing and calculating NF by GeNorm was described in Vandesompele and colleagues (11) . Briefly, from the stability analysis using GeNorm, it was found that the two most stable HKGs in our experiment were HPRT and GAPDH. NF 2 was based on the expression levels of these two genes and was calculated using different combinations of genes and including the most stable remaining control gene (HPRT-GAPDH-b-actin [NF 3 ], HPRT-GAPDH-bactin-CYPa [NF 4 ], and HPRT-GAPDH-b-actin-CYPa-UBC [NF 5 ]). For every series of NF n and NF nþ1 , pair-wise variation was calculated; for example, NF 2 :NF 3 , then NF 3 :NF 4 , and finally NF 4 :NF 5 . A high pair-wise variation value meant that the added gene had a significant effect on normalization and should be included in the NF. According to Vandesompele and colleagues (11), the ideal pair-wise variation value is less than 0.15. Thus, following the pairwise variation analysis, it was decided that the NF would be derived from HPRT-GAPDH-b-actin in our experiment.
Statistical Analysis
Mann-Whitney U nonparametric analysis was performed to detect significant differences among young and old groups. Values of p , .05 were considered significant differences.
RESULTS
Real-Time RT-PCR Specificity, Efficiency, and Linearity
Following real-time RT-PCR, the resulting PCR products were analyzed in two ways to confirm the specificity of the reaction. The PCR products from each gene of interest were analyzed by agarose gel electrophoresis (data not shown) and melting curve analysis as shown in Figure 1 , A (Cu/Zn-SOD) and B (HPRT). Only a single PCR product is evident via these two analysis methods, confirming the specificity of the PCR. A relative standard curve method was used to calculate amplification efficiencies and R 2 values. All tested gene PCR efficiencies were above 96%, and correlation coefficients were more than 0.99 (Table 1) . Thus, the data obtained from the real-time RT-PCR experiments were reliable and could be used for further analysis.
The Stability Sequence of HKGs
To identify the HKG with the most stable expression in the rat liver aging process, the HKG selection software packages GeNorm and Normfinder were used. HPRT was identified as the most stable HKG by both analysis packages. GeNorm identified GAPDH and HPRT as the most stable HKGs (Figure 2) , with stability values of 0.42 for both genes. When the analysis from Normfinder was also taken into account (Table 2) , we were able to select HPRT over GAPDH as our HKG because the intra-group variation was very small for HPRT compared to GAPDH (0.010 compared to 0.064 for young rats and 0.018 compared to 0.089 for old rats), and the intergroup variations were comparable (0.040 for HPRT, 0.038 for GAPDH).
Both programs indicated that a wide variation in HKG expression between young and old rats existed in the liver during the aging processes ( Figure 2 and Table 2 ). After normalization to the confirmed HKG, HPRT, compared to young rats, messenger RNA (mRNA) expression of UBC was significantly decreased in old rats ( p , .01), whereas mRNA expression of CYPa was significantly increased in old rats ( p , .01) (Figure 3 ). There were no significant differences in GAPDH and b-actin between the two groups, even though b-actin mRNA in old rats increased by 29.6% compared to young rats ( p ¼ .07). These data have thus identified HPRT as the HKG of choice in rat liver aging studies.
To clearly explain the HKG expression variability, we analyzed the relative expression ratios of the most or least stable HKG compared to other HKGs, according to the method used by Biederman and colleagues (35) . As shown in Table 3 , the relative expression ratio of two robust HKGs, HPRT and GAPDH, showed only a 0.28% difference, whereas the relative expression of HPRT and UBC demonstrated a 58.61% difference. This underlies the extent of the variation in the expression of the various HKGs.
Interpretation of Cu/Zn-SOD and Catalase Gene Expression Normalization by Different HKGs
To demonstrate the importance of selecting the correct HKG when using gene expression analysis techniques, we used different HKGs to compare the gene expression of Cu/ Zn-SOD in liver tissue from young and old rats. As shown in Figure 4 , when expression levels were normalized using UBC, an invalidated HKG, Cu/Zn-SOD expression had a significant difference in expression levels in liver tissue between young and old rats. On the contrary, after normalization to HPRT, the validated HKG, there was no statistically significant difference in Cu/Zn-SOD expression. An alternative method to quantify gene expression used the NF, which is based on the expression level of multiple HKGs. The GeNorm analysis software was used to calculate the NF in our samples, and then an NF value derived from HPRT-GAPDH-b-actin expression was selected. When Cu/Zn-SOD expression was normalized using the NF, no statistically significant difference was seen (Figure 4 ). In addition, there was a statistically significant difference in catalase gene expression when it was normalized to HPRT ( p , .001) and UBC ( p , .05), yet it should be noted that the level of catalase mRNA decreased by only 31.20% when normalized using UBC (this is about half the value when normalized using HPRT [57.73%]). These data demonstrated that selection of a validated HKG was essential for the correct interpretation of gene expression analysis data in aging research.
Antioxidant Enzyme Gene Expression Changes in the Aged Rat Liver
To further analyze antioxidant enzyme expression in the aged rat liver, we measured catalase and GPX expression. As shown in Figure 5 , mRNA expression of catalase decreased significantly in liver tissue between young and old rats, with expression levels in the old rats only 42.27% of that seen in the young rats. Similar to the results for Cu/Zn-SOD (Figure 4) , there was no significant difference in GPX expression; however, there did appear to be a trend for increased expression of GPX in the elderly rats, although it did not reach significance ( p ¼ .06). Hypoxanthine phosphoribosyl-transferase (HPRT) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were the most stable housekeeping genes (HKGs) by GeNorm. GeNorm software was used to identify the most stable HKG using a pair-wise variation analysis. Plot shows the average expression stability values for the HKGs, with a low value representing stable HKG expression. UBC ¼ ubiquitin C; CYPa ¼ cyclophilin A. 
DISCUSSION
We have identified HPRT as the most stable HKG to use for studying rat liver aging using the software GeNorm and Normfinder. Analysis using GeNorm identified HPRT and GAPDH as the two most stable HKGs (Figure 2 ), but could not differentiate further between them because the use of gene ratios was needed for gene stability measurements. When using Normfinder, HPRT had more stable intra-group variation and had similar inter-group variation when compared to GAPDH (Table 2 ). Thus, HPRT was chosen as the most stable HKG. Recently, HPRT had also been recommended as the best HKG to use in human cancer research (36) . Previously GeNorm has been used to select HKGs for use in the study of human liver diseases (25) , leukocytes and bone marrow (11) , with UBC identified as the most stable HKG. In contrast to those studies, UBC was ranked as the most unstable HKG by both methods in this present study of rat liver aging (see Figure 2 and Table 2 ). These results demonstrate that the appropriate HKG to use should be validated according to the specific tissue and specific experimental conditions, as has been previously suggested (11, 13, 37) .
Although aging is a physiological process, we found that there was a wide variation in HKG expression during rat liver aging. Previous studies have identified obvious HKG variations which have been attributed to pathological changes (12, 13, 36) or cell differentiation (37, 38) . Two commonly used HKGs, UBC and CYPa, had significantly different expression levels between young and old rats (Figure 3 ). In addition, b-actin mRNA level in the liver of old rats increased by 29.6%, although this finding did not reach statistical significance. Similarly, Moshier and colleagues (39) found that b-actin expression was also different in rat gastric mucosa, where there was a decrease in expression by 37% in old rats (24 months) compared to young rats (6 months) using northern blot analysis. The difference in b-actin expression between our study and the study by Moshier and colleagues may be attributed to tissue-specific HKG variation, as has been discussed above. However, the validation of the HKG could not be further improved at that time because of the lack of a powerful statistical method and the decreased sensitivity of northern blot analysis compared with real-time RT-PCR. In other words, HKG expression variability could be revealed more clearly by analyzing the relative expression ratios of two HKGs. For two ideal HKGs, the relative expression ratios between young and old rats should be similar. In our study, the relative expression ratio of HPRT and GAPDH showed a 0.28% difference, whereas the relative expression ratio of HPRT and UBC showed a 58.61% difference. This variation means that if gene expression was normalized to UBC, the target gene expression would be overestimated by 58.61%.
In addition, HKG variation could cause confusing, even misleading interpretation of gene expression data. Normalization to the confirmed HKG, HPRT, did not identify any significant difference in Cu/Zn-SOD expression during rat liver aging processes, whereas normalization to the invalidated HKG, UBC, demonstrated significant differences in the same experiment (Figure 4 ). This finding was Figure 4 . Influence of different housekeeping genes on interpretation of Cu/ Zn-superoxide dismutase (Cu/Zn-SOD) messenger RNA (mRNA) expression in the rat liver aging process. The level of Cu/Zn-SOD mRNA was normalized to ubiquitin C (UBC) (first two bars), hypoxanthine phosphoribosyl-transferase (HPRT) (middle two bars), and normalization factor (NF) (last two bars), respectively. Data were expressed as mean 6 standard error. Young rats (white bar, n ¼ 9) and old rats (black bar, n ¼ 8). *p , .05 as determined by the MannWhitney U test. Notes: *The ratio of two ideal HKGs between two groups should be identical. HPRT ¼ hypoxanthine phosphoribosyl-transferase; CYPa ¼ cyclophilin A; GAPDH ¼ glyceraldehyde-3-phosphate dehydrogenase; UBC ¼ ubiquitin C. Figure 5 . Antioxidant enzyme expression variation between young and old rats. To compare antioxidant enzyme expression variation between young and old rats, each antioxidant enzyme expression was normalized to the confirmed housekeeping gene, hypoxanthine phosphoribosyl-transferase. Graph represents the antioxidant enzyme gene expression in the liver of young (white bar, n ¼ 9) and old (black bar, n ¼ 8) rats 6 standard error. *p , .001 as determined by the Mann-Whitney U test. mRNA ¼ messenger RNA; GPX ¼ glutathione peroxidase.
attributed to the variation in expression of the HKG, and thus in this experiment it was UBC rather than Cu/Zn-SOD that was fluctuating in the aging process. Similar cases have been reported in human asthma (9) and renal carcinoma (10) . Even though normalization to different HKGs did not influence the findings for catalase expression, the quantification of catalase expression change was distorted. When normalized to HPRT, catalase gene expression in the aged rats decreased by 57.73% compared to 31.20% when normalized to the invalidated UBC gene. From current data, most of the age-related gene expression changes occurred in the 30% to 3-fold range (40, 41) . Therefore, validation of HKGs in aging research is absolutely vital for accurate gene expression quantification.
The use of more than one HKG for normalization has been proposed because of the obvious HKG expression variations in some experiments (11) . In those cases, the NF calculated from several HKGs may bring more accurate normalization. In the present study, an NF calculated from HPRT-GAPDH-b-actin was recommended for gene expression analysis in rat liver aging processes by GeNorm software. However, the feasibility of using NF has been argued (13, 36) , especially in studies where there is limited RNA. It is interesting that normalization of Cu/Zn-SOD expression to the NF or to HPRT alone produced similar results in this study. Therefore, HPRT was a suitable HKG to use for the accurate normalization of gene expression in rat liver aging research.
In previous studies using northern blot analysis, an agedependent decline in expression of antioxidant enzymes was found, and the extent of these enzymes' expressional change was less than 3-fold (28, 42) . The limited sensitivity of northern blot analysis might not be suitable for identifying so small an expression change, thus those results need to be further investigated. However, real-time RT-PCR is believed to determine accurately changes as small as 2-fold using statistical methods (43) . In addition, it was reported that more than 90% of age-related gene expression changes were less than 3-fold in magnitude (40, 41) . Therefore, the use of real-time RT-PCR with valid HKGs will be a reasonable and practical tool for detecting age-related gene expression alterations.
In our study, the expression of catalase was significantly decreased, whereas Cu/Zn-SOD and GPX expression did not show a significant change between young and old male Fischer 344 rats. Studies using northern blot analysis showed decreasing expression of Cu/Zn-SOD and catalase and no change in GPX expression with age in male Fischer 344 rats (28, 42) , whereas a study using common RT-PCR showed no change in Cu/Zn-SOD with age in male Fischer 344 rats (29) . Thus, the investigations of age-related catalase and GPX gene expression were relatively consistent, and the discrepancy in Cu/Zn-SOD gene expression might be partly from different experimental methodologies. It has been reported that changes in antioxidant enzyme activities during aging may be dependent on rat strain (44, 45 ); yet age-related antioxidan enzyme gene expression changes presented here from male Fischer 344 rats were similar to those reported from male Wistar rats (46) , whereas a study using northern blot analysis in Wistar rats showed increasing expression of Cu/Zn-SOD, catalase, and GPX expression from 6 to 30 months of age (47) . Real-time RT-PCR was also used in that study but without the use of a validated HKG, the similarity in antioxidant enzyme gene expression in the two rat strains would still need further validation. In addition, because Cu/Zn-SOD, catalase, and GPX are major antioxidant enzymes in eukaryotes and the decrease of antioxidant defense had been widely demonstrated during rat liver aging (27, 28, 48) , the decrease in catalase gene expression might be one reason of the diminution of the intricate antioxidant defense system. GPX mRNA expression seemed to increase, even though it did not reach significance (p ¼ .06). The trend for increased expression of GPX may compensate for the decreased expression of catalase because catalase and GPX cooperate to remove hydrogen peroxide. This inference needs to be further investigated. Our data showed that catalase mRNA expression decreased during the rat liver aging process, which might be involved in the decline of the intricate antioxidant defense system.
Obtaining reliable RT-PCR data is a prerequisite for selecting appropriate HKGs to avoid nonspecific binding of SYBR Green I dye (49) . A number of measures were taken to achieve the desired specificity of PCR product in this study. First, genomic DNA contamination was sufficiently controlled by DNase treatment both on-column and offcolumn, because traces of genomic DNA will obviously prevent accurate quantification, especially when studying genes with unknown intron/exon structure, or when pseudogenes exist. Peters and colleagues (50) exhaustively discussed the necessity of combining on-column and offcolumn DNase treatment in real-time RT-PCR and its impact on efficiency. Second, primers that flanked introns were used to ascertain the absence of genomic DNA because genomic DNA would have the intron sequence amplified. Third, the effective control of genomic DNA was confirmed by using primers designed to recognize the first intron of b-tubulin in a conventional PCR before RT. Finally, the specificity of the PCR products was verified by both melting curve analysis and agarose gel electrophoresis. In addition, during the real-time RT-PCR, fluorescence data were acquired at a high temperature, avoiding the inference of nonspecific fluorescence signals (30) . During data analysis, PCR efficiency-corrected quantification was performed because small PCR efficiency differences between target genes and the HKG will have an effect on the calculation of gene expression. For example, a 0.03% difference of efficiency will lead to an error in the gene expression ratio of 46% when E target , E HKG and 209% when E target E HKG after 25 PCR cycles (51) .
Summary
This study demonstrated that there was a wide variation in HKG expression during aging. We have identified HPRT as an appropriate HKG to use for accurate normalization during gene expression analysis of the effects of aging on the rat liver. To our knowledge, this is the first report discussing validation of HKGs in aging research where choosing appropriate HKGs is vital for accurate gene quantification and analysis. Further investigation showed that catalase expression was significantly decreased, whereas Cu/Zn-SOD and GPX expression were not significantly altered with age; this result indicates that decreased catalase gene expression might be involved in the decline of the antioxidant defense system in the rat liver aging process.
